STAT6 participates in classical IL-4/IL-13 signaling and stimulator of interferon genes-mediated antiviral innate immune responses. Aberrations in STAT6-mediated signaling are linked to development of asthma and diseases of the immune system. In addition, STAT6 remains constitutively active in multiple types of cancer. Therefore, targeting STAT6 is an attractive proposition for treating related diseases. Although a lot is known about the role of STAT6 in transcriptional regulation, molecular details on how STAT6 recognizes and binds specific segments of DNA to exert its function are not clearly understood. Here, we report the crystal structures of a homodimer of phosphorylated STAT6 core fragment (STAT6 CF ) alone and bound with the N3 and N4 DNA binding site. Analysis of the structures reveals that STAT6 undergoes a dramatic conformational change on DNA binding, which was further validated by performing molecular dynamics simulation studies and small angle X-ray scattering analysis. Our data show that a larger angle at the intersection where the two protomers of STAT meet and the presence of a unique residue, H415, in the DNAbinding domain play important roles in discrimination of the N4 site DNA from the N3 site by STAT6. H415N mutation of STAT6 CF decreased affinity of the protein for the N4 site DNA, but increased its affinity for N3 site DNA, both in vitro and in vivo. Results of our structure-function studies on STAT6 shed light on mechanism of DNA recognition by STATs in general and explain the reasons underlying STAT6's preference for N4 site DNA over N3.
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STAT6 | N4 site DNA recognition | JAK-STAT pathway | antiviral innate immunity | crystal structure P roteins belonging to the STAT family mediate transmission of signals of numerous cytokines and growth factors from the cell membrane to the nucleus via the classical JAK-STAT pathway (1) . Malfunctions in this pathway are known to result in immune system disorder and cancers. Therefore, the JAK-STAT pathway is considered to be of great importance in the development of therapeutic interventions (2) . The mammalian STAT family is made up of seven structurally and functionally related proteins named STAT1, 2, 3, 4, 5a, 5b, and 6 (3). All of the STAT proteins share a conserved domain organization (Fig. 1A) .
STAT6, an important member of the STAT family, plays a crucial role in the differentiation of Th2 cells and has been implicated in the development of asthma (4) . This STAT is primarily stimulated by IL-4 and IL-13. A recent study reported that STAT6 plays a pivotal role in antiviral signaling initiated by host cells in response to viral infections (5) . STAT6 could be activated by the stimulator of interferon genes/TBK1 cascade via phosphorylation of Y641. Intriguingly, residue S407 located in the DNA-binding domain (DBD) of STAT6 has been shown to be phosphorylated by TBK1. However, its implication for biological function of STAT6 is currently unknown (5) . Thus, structural studies on STAT6 and its complex with DNA are essential to address several unanswered questions related to signals that morph STAT6 into a conformation, which is competent for binding DNA and transcription of genes.
STATs recognize DNA motifs with a consensus sequence of 5′-TTCN 3/4 GAA-3′ in the regions of target genes that regulate expression of the protein, where N 3/4 denotes a spacer consisting of three (N3) or four (N4) nucleotides of any of the four types found in the DNA. STAT6 is reported as the only member that prefers N4 over N3 site DNA (6) , which is in agreement with our observations during initial studies on DNA binding by STATs ( Fig. S1 ) (7) . Interestingly, STAT5 has been shown to bind N4 site DNA weakly (8) . Thus far, only homodimeric structures of STAT1 and STAT3 in complex with N3 site DNA [phosphorylated STAT1 and STAT3, protein data bank (PDB) ID codes 1BF5 and 1BGl, respectively; unphosphorylated STAT3, PDB ID code 4E68] have been solved (9) (10) (11) . In addition, structures of unphosphorylated monomeric STAT1 (PDB ID code 1YVL) and STAT3 (PDB ID code 3CWG), as well as unphosphorylated dimeric STAT5a (PDB ID code 1Y1U) in protein-alone form, have been published (12) (13) (14) . These structures shed light on the domain organization, nature of dimerization, and mode of N3 site DNA binding by STATs. However, to the best of our knowledge, there was no instance where structures of a phosphorylated STAT protein alone and in complex with DNA were available for the same STAT protein. This gap has hampered our ability to comprehend the conformational changes induced on DNA binding by a phosphorylated STAT. Furthermore, there is no structural information available on STAT6. This situation has further limited Significance STAT6 is a transcription factor and plays a predominant role in IL-4/ IL-13 and virus-mediated signaling pathways. Extensive studies have linked malfunctions of STAT6 to pathological features of asthma and cancer. Targeting the function of STAT6 has become an attractive therapy. Understanding the molecular mechanisms of STAT6 transcriptional regulation is still scarce. Here, we report the atomic-level structures of the phosphorylated STAT6 core fragment homodimer, both in DNA-free and complexed with N4 or N3 site DNA, uncovering both a larger dimer interface intersection angle and the unique residue H415 of STAT6 as important factors for discrimination of N4 from N3 site DNA. This study uncovers a dramatic conformational change in STAT6 dimer for recognizing and preferring N4 site DNA.
our understanding of the mechanisms underlying DNA recognition by STAT6 and the molecular basis for how STAT6 discriminates N4 site DNA from N3 type of DNA.
Here, we report the crystal structures of phosphorylated dimeric STAT6 core fragment encompassing amino acids (aa) 123-658 (hereafter referred to as STAT6 CF ) in unliganded form and its complexes with N3 and N4 site DNAs. Using these structures, we could analyze the conformational changes induced by DNA binding without having to resort to qualitative comparisons with phylogenetically distant homologs. Furthermore, we identified key residues in the DBD that are important for DNA recognition and verified their roles in the function of STAT6 by performing in vitro and in vivo experiments. Notably, we show that, a larger angle at the intersection where the two protomers of STAT meet and the unique residue H415 in the DBD of STAT6 are important for recognition of N4 site DNA.
Results

Phosphorylated STAT6
CF Forms a Homodimer and Binds DNA with High Affinity. Previous studies have shown that truncations of STAT, termed as the core fragment (STAT CF ), can bind DNA with affinities comparable to those of the full-length STATs (10, 15) . Therefore, we designed a truncation encompassing human STAT6 CF (aa 123-658) based on alignment of primary sequence of STAT6 with STAT1 and STAT5a core fragments (Fig. 1A,  Fig. S2 , and Tables S1 and S2). The STAT6 CF purified to homogeneity existed as a monomer in solution. However, this form of STAT6 CF neither bound DNA nor did it crystallize after extensive screening. These features of STAT6 are unlike STAT1 and STAT3, which are known to bind DNA regardless of phosphorylation (11, 16) . Because the unphosphorylated STAT6 CF did not bind DNA, we produced phosphorylated STAT6 CF as described previously (17, 18) (Fig. S3) CF can be divided into five distinct modules: an N-terminal coiled coil domain, a DNA-binding domain, a linker domain, an SH2 domain, and a C-terminal phosphotyrosine tail segment (Fig. S4A) .
Comparison of the structures indicates that all four α-helixes, especially the α1 and α2 helixes of the coiled coil domain of STAT6, are shorter than the corresponding regions of STAT1, STAT3, and STAT5a ( Fig. S4B) , which is consistent with the fact that STAT6 is 41 aa shorter than STAT1, 43 aa shorter than STAT3, and 49 aa shorter than STAT5a as indicated by primary sequence analysis (Fig. S2 ). In addition, this domain rotates ∼10°outward from the core of the dimer compared with unphosphorylated STAT1, 3, and 5 structures (Fig. S4B ).
As expected, residue Y641 of STAT6 CF is phosphorylated, forming a phosphotyrosine tail segment, which mediates dimerization (Fig. S4C) . The phosphorylated tail segment of each protomer passes through the gap between the two protomers to interact with the SH2 domain of the adjacent protomer and then returns, forming a gate with its own SH2 domain that allows the phosphorylated tail segment of the other molecule to pass through. These types of intermolecular interactions between the phosphorylated tail segments are also observed in STAT1 and STAT3 homodimers (9, 10) . Two K647 residues located in the antiparallel β-sheet formed by the dimerization of STAT6 serve as hinge axis points around which the two molecules of STAT6 CF rotate when the dimer binds to DNA (Fig. S4D ). In addition, our structure of STAT6 CF suggests that truncations ending before residue V650 lose the ability to bind to DNA (19) owing to the destruction of the intermolecular interactions of the β-strands of the phosphorylated tail segments, which affects dimerization.
A key structural difference between the dimers of STAT6 and STAT1/STAT3 is located at the C-terminal loop (aa 609-620) region of the SH2 domain. In STAT1 and STAT3, the C-terminal loop is 10 aa longer than in STAT6 (Fig. S4E ). The loops from the two protomers are observed converging to form a closed tunnel just above the antiparallel β-sheet. In STAT6, this upper cover of the tunnel disappears completely because the two C-terminal loops are short. Another notable difference between the dimers of STAT6 and other STATs is observed at the intersection where the two protomers meet during dimerization. The angle formed at the intersection of dimerization between the protomers of STAT6 is larger than those observed for STAT1 and STAT3 dimers in complex with DNA, implying the possibility of functional differences between them (see below). Interestingly, like STAT6, STAT5 also contains a shorter C-terminal loop in its amino acid sequence ( Fig. S2 ) so it would most likely assume a relatively more open dimeric structure after activation like STAT6. Thus, structural analysis seems to suggest that the dimeric assembly of STAT6 CF in complex with N4 or N3 site DNA were both determined and refined to 3.10-and 3.20-Å resolutions, respectively (Table S3 , Fig. 1, and Figs. S4 F-H and S5 A-D) . B-form DNA molecules with lengths of 22 bp (N4 site) and 21 bp (N3 site, by deletion of an adenine in the N4 spacer) are modeled in our STAT6 CF -DNA complex structures ( Fig. 1 and Fig. S5 A-D) . The two overall structures of STAT6 CF bound with N4 and N3 DNA are similar, with an RMSD of 0.636 Å between the main chain C α atoms of the protomer chains. The interfaces for DNA binding observed in the two complexes are highly conserved (Fig. S4I) . One STAT6 CF dimer binds one palindromic DNA duplex and each protomer binds only half of the palindromic sequence on average (Fig. 1B) 1C) . Several residues in the DBD, including K284, K288, K367, K370, K379, and Q418, form hydrogen bond interactions with the DNA backbone (Fig. 1D) . Intriguingly, H415 is the only residue of STAT6 CF that forms hydrogen bond with a base. Specifically, H415 forms a 2.91-Å hydrogen bond with the O 6 of guanine at position 14 in the N4 site DNA (position 13 in the N3 site DNA; Fig. 1D and Fig. S4H ). This structural observation suggests an important role for residue H415 in recognition of DNA by STAT6 CF .
Residue H415 Is Essential for N4 Site DNA Recognition by STAT6. The architecture of the DBD of STAT6 CF and the overall mode of DNA binding is similar to that of those reported for other STATs. However, STAT6 differs from other STATs in the ability to forge interactions with the bases of DNA. Although three residues of STAT1 form interactions with DNA bases, only one residue of STAT6, H415, forms a hydrogen bond with a DNA base. Furthermore, sequence alignment of all of the STATs indicates that H415 of STAT6 is replaced by an asparagine (N) in STAT1-4, whereas STAT5, which is reported to recognize a few N4 site DNAs with low affinity in addition to N3 site DNAs (8, 20) , retains histidine (H471 in STAT5) at an equivalent position ( Fig. 2A) . Interestingly, in the unphosphorylated STAT5
CF structure (PDB ID code 1Y1U), the side chain of H471 of STAT5 points toward the interior of the protein and does not form any interactions with its neighboring residues (Fig. S4J) . However, in all of the structures of STAT6 being reported here, the side chain of residue H415 is oriented toward outside and poised for DNA binding. The relatively inaccessible nature of the position assumed by the side chain of H471 in STAT5 may partially explain its low affinity for N4 site DNA.
To investigate the role of residue H415 in recognition of DNA, we compared the affinities of a H415N mutant of STAT6 CF for N3 and N4 site DNA with that of the WT STAT6 CF . Different types of DNA containing N3 or N4 site DNA motifs were selected as substrates for the studies. Results of ITC experiments revealed that the binding affinity of H415N mutant for an 18-bp-long stretch of the c-γ3 sterile transcript promoter (referred to as CS4; N4 site GAS motif) decreased dramatically from 79 nM to 2.2 μM (Table 1) . Similarly, the affinity of H415N mutant for another N4 site DNA, IHG, decreased from 0.12 to 2.2 μM. In addition to N4 site DNAs, we also used two different types of N3 site DNA substrates, M67 and T1, for testing the affinity of the mutant for N3 site DNAs. Remarkably, the affinity of H415N mutant of STAT6 CF for M67 increased 7.5 times (from 1.8 to 0.24 μM). Similarly, the affinity of the mutant for T1 increased 3.8 times (from 2.8 to 0.74 μM) ( Table 1 ).
Next, we tested and confirmed the changes in DNA binding affinities of the H415N mutant independently by performing surface plasmon resonance (SPR) experiments. Similar to the ITC results, the affinity of mutant H415N for CS4 (N4 site DNA) decreased by almost 12-fold compared with that of STAT6 CF -WT, whereas the affinity for M67 (N3 site DNA) increased by 4.7-fold of that of STAT6 CF -WT (Table 1) . Thus, a single mutation, H415N, switches the DNA binding preference of STAT6
CF from the N4 site DNA to N3 in vitro.
To further corroborate our findings that residue H415 plays an important role in conferring specificity in recognition of DNA by STAT6, we mutated an equivalent residue of STAT1, N460, to histidine and tested the ability of N460H mutant of STAT1 to bind N3 and N4 site DNAs. The affinities of STAT1 CF -WT and the mutant STAT1 CF -N460H for the N3 and N4 site DNAs were tested using SPR method. Interestingly, STAT1 CF -N460H showed a remarkable decrease in affinity for N3 site DNA (M67) and an increase in affinity for N4 site DNA (CS4) compared with STAT1 CF -WT (Table 1) . Thus, residue N460 of STAT1 CF probably plays an important role in conferring specificity for DNA binding. Taken together, the results of mutagenesis studies on H415 of STAT6 and N460 of STAT1 suggest that residue H415 plays an important role in conferring specificity on STAT6 for binding N4 site DNA.
To further verify the significance of residue H415 in conferring specificity for DNA binding, we performed in vivo luciferase reporterbased assays using full-length STAT6 (STAT6 FL ). STAT6 FL -H415N and STAT6 FL -H415A mutants were generated and tested in vivo for their ability to regulate the reporter's expression via the N3 and N4 site DNAs on stimulation by IL-4 (Fig. 2B) . As expected and consistent with the in vitro studies performed using STAT6 CF , STAT6 FL -H415N was deficient in its ability to activate an N4 site DNA. The same mutant exhibited a much stronger luciferase signal than that of STAT6 FL -WT when bound to the N3 site DNA (Fig. 2B) . In stark contrast to the H415N mutation, STAT6 FL -H415A completely lost its ability to activate both N3 and N4 site DNAs, further confirming the essentiality of residue H415 in IL-4/IL-13 signaling (21). Thus, results of the in vitro and in vivo studies using mutants of STAT6 indicate that residue H415 of STAT6 plays an important role in the mechanism of discrimination of N4 site DNA from N3.
Structural Basis for Recognition of N4 Site DNA by STAT6. Superimposition of our N4 site DNA-bound STAT6
CF over N3 site DNAbound STAT1 and STAT3 reveals that the mechanism of dimerization within STATs is similar (Fig. S4K) . However, the angle of intersection where the two protomers of STAT6 meet in the DNA-bound and DNA-free STAT6 CF structures is larger than those observed for STAT1 or STAT3 in complex with DNA (Fig.  S4K) . Superimposition of our crystal structures of the DNA-free and N4 site DNA-bound STAT6
CF by aligning the SH2 domain in one protomer, as shown in Fig. 3A , reveals that the SH2 and linker domains overlapped well. However, the DNA-binding domain and coiled coil domain, when considered as a rigid body, have shifted slightly toward the DNA (Fig. 3A) . The most remarkable difference between the two structures becomes evident when the dimers of unliganded and DNA-bound STAT6 CF are superimposed. The protomers within the dimer seem to have undergone a significant rotation during DNA binding. Consequently, the position of H415 shifts by 21.4 Å in the DNA-bound structure (Fig. 3A and Movie S1). Due to the flexibility between the four domains of STAT6 CF , the DBD of each STAT6 CF has rotated to an optimal position for DNA binding (Fig. 3A) . The whole STAT6 CF dimer is squeezed into a more compact architecture after the phosphorylated STAT6 CF dimer encounters and binds N4 site DNA.
Similar to the STAT6 CF -N4 complex, the STAT6 CF -N3 complex also undergoes a rotational conformational change on DNA binding (Fig. S4K) . We aligned the DBD of our STAT6 CF -N3 complex structure with the other three reported STAT protein structures in complex with N3 site DNA, i.e., STAT1 (PDB ID code 1BF5) and STAT3 (PDB ID codes 1BG1 and 4E68) (9) (10) (11) . Although the proteins exhibit some flexibility, the position of the key residue, H415 in STAT6, N460 in STAT1, and N466 in STAT3, in both the protomers within the dimer of these STATs overlaps (Fig. S6A) , suggesting that all members of the STAT family recognize N3 site DNA in a conserved fashion despite slight variations in the overall structures.
Superposition of the structure of the phosphorylated STAT6 CF -N4 site DNA over the structure of STAT1 CF -N3 DNA reveals that the overall topology of the members belonging to STAT family is highly conserved, further suggesting that they may share a similar mechanism of DNA recognition (Fig. S4K) . We then compared the key residues of STAT6 CF and STAT1 CF participating in DNA binding. As shown in Fig. 3B , when DBDs are aligned, H415 of STAT6 and its counterpart N460 in STAT1, as well as their interacting bases in respective DNAs, overlap. Interestingly, in the adjacent protomer of the dimer, H415 of STAT6 has moved further inside by a distance of about 4.0 Å than the corresponding equivalent N460 residue in STAT1, which is very close to the regulation of ∼3.4-Å rise/bp along the axis of a B-DNA double helix (Fig. 3B) . A similar change in positions of H415 and its equivalent residue is observed between STAT6 CF -N4 and -N3 site DNA complexes (Fig. S5E) . In addition, we noticed that the residue N417 of STAT6 would sterically clash with the fifth base of DNA, a thiamine, of the complex of STAT1 with the N3 site DNA, which further explains why STAT6 prefers the N4 site DNA but not N3 (Fig. S6B) . Furthermore, our small angle X-ray scattering (SAXS) analysis of STAT6 CF indicates that the conformation of STAT6 CF could be stabilized by DNA (Fig. S7 ). In addition, molecular dynamics (MD) simulations results indicate the decreased structural flexibility of STAT6 CF after DNA binding (SI Results). Thus, the conformation of DNA-bound STAT6 CF is stable compared with the unliganded STAT6 CF .
Mutagenic Analysis of the STAT6 DNA-Binding Surface and Interpretation of Disease-Associated Mutations. Using the structures of STAT6 CF -DNA as a guide, we probed the role of residues located at the protein-DNA interface in binding DNA by mutagenesis. K284D, K288D, K367/369D, H415A, Q418A, K284A, K288A, and K367/ 369A mutations were introduced in both STAT6
CF and STAT6 FL . The in vitro affinity of the mutants for DNA was estimated using ITC (Fig. 4A) . Most of the mutants of STAT6 CF did not bind the CS4 (N4 site DNA), which happens to be the core fragment of DNA used for formation of the STAT6 CF -N4 complex for crystallization (20) . Only mutants K288A and K367/369A of STAT6 CF retained a low affinity of 2.4 and 8 μM, respectively, for the DNA. The WT STAT6 CF (STAT6 CF -WT) had an affinity of 79 nM for the same DNA when tested under identical conditions (Fig. 4A) . We further tested the ability of the STAT6 mutants to recognize DNA in vivo using a luciferase reporter-based assay as described previously (5) . Consistent with the results of the in vitro experiments performed using STAT6 CF , K288A and K367/369A mutants of STAT6 FL exhibited significantly reduced ability to activate the reporter gene (Fig. 4B) gene on stimulation by IL-4 (Fig. 4B) . These mutagenesis results confirmed a role for the residues of the DBD of STAT6 in binding DNA and that the protein-DNA interface observed in the crystal structure is functionally relevant.
We next investigated whether our findings can be used to interpret the disease-associated STAT6 mutations with respect to the STAT6 protein-DNA interaction interface observed in our crystal structures. Recently, several mutations of STAT6 have been identified in follicular lymphoma cases, which include E372K, E377K, D419H, D419A, and D419G (22) . Luciferase reporterbased assays and results of quantitative PCR (qPCR) studies have indicated that these mutations could result in an increase in the transactivation of STAT6 (22) . Interestingly, mapping of these mutations on our structure of the STAT6 CF -N4 complex reveals that they locate on the DNA binding loops (Fig. 4C) . Switching E or D to K, H, A, or G could decrease the electro-negativity of the DNA binding interface, enhancing the ability of the protein to bind DNA. In addition, we used the cBioPortal (www.cbioportal.org) web tool to analyze large-scale cancer genomics datasets (23) . The results of the analysis identified 165 mutations of STAT6 that affected the pathophysiology of cancer. Of these, 52 unique mutations can be mapped on our STA6
CF structures. As shown in Fig. 4D , the majority of these mappable mutations are located on the STAT6 DBD, which is essential for DNA binding, and the dimerization domain (SH2 domain), which is critical for recognizing N4 site DNA due to its flexible nature. This analysis lends further support to previously published studies on STAT6 and other STAT proteins that recommend targeting of STATs with inhibitors for improving outcomes of therapeutic interventions (24, 25) . -WT probably has a low tolerance for the mismatch and therefore exhibited lower affinity for these kinds of DNAs. On mutation (H415N), the tolerance of STAT6 for the mismatch increased and therefore the affinities for the DNA increased accordingly. Thus, the H415N mutation decreased the affinity of STAT6 for N4 site DNA, but increased the affinity for N3 site DNA with a mismatch in the palindromic site. Interestingly, another reported functional site residue S407 (5), which is buried and not exposed on the surface of our structures, is not likely to be accessible for phosphorylation by any kinase (SI Discussion, Fig. S8 ). In summary, crystal structures of phosphorylated STAT6 CF dimer and its two complexes with N4 and N3 site DNAs clarify the differences in DNA binding and substrate specificities between STAT6 and other STATs. A remarkable conformational change is first observed on DNA binding. The dimer interface and residue H415 were identified as important factors for distinguishing N4 from N3 site DNA. These findings enhance our understanding of the STAT-DNA interactions that are crucial for the transcription of specific genes on activation of STATs via phosphorylation. The studies also open up avenues for targeting aberrant STAT6-mediated signaling for development of therapeutics against diseases like asthma and cancer.
Materials and Methods
Detailed discussion of materials and methods is given in SI Materials and Methods.
Phosphorylation of the protein was achieved by coexpressing STAT6 CF with the tyrosine kinase receptor domain of Elk in the Escherichia coli BL21 (DE3) TKB1 strain (Agilent Technology) as described previously (17) . Soluble recombinant protein was isolated and purified. The protein were pooled and concentrated for crystallization and other experiments. Unphosphorylated STAT6 CF and STAT1 CF (aa 132-713) were purified using the same procedures as described for phosphorylated STAT6 CF . All of the STAT6 CF -DNA complexes crystals were obtained by incubating the purified phosphorylated STAT6 CF with annealed oligonucleotide duplexes at a molar ratio of 1:1.2 for 1 h in an ice bath. Phosphorylated STAT6 CF in complex with the 22-bp N4 site duplex and 21-bp N3 site duplex formed crystals that were suitable for data collection. Crystals were frozen before data collection. Datasets were indexed, integrated, and scaled using HKL2000. All three structures were determined by molecular replacement (MR) method. The details of data collection and refinement statistics are listed in Table S3 .
